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Abstract 
In comparison to classic automated solutions, the direct cooperation of human workers and industrial robots offers new potential 
regarding flexibility, cost and ergonomics. However those advantages are mostly not obvious and the decision where to use hybrid 
workplaces are usually solely based on experience and intuition of the planning engineer. This paper presents a systematic approach 
to identify work places with high potential for Human Robot Interaction based on capability indicators. With this approach it is 
possible to identify workplaces yielding the highest potential benefits when automated as a hybrid work station. 
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1. Introduction 
In order to keep competitiveness in the production of 
industrial goods, the further automation of processes is still one 
of the main strategies in industry especially in high wage 
countries. In the automotive industry a lot of processes are 
already automated. For instance in the body shop, where sheet 
metal parts are joined together to the body in white, most 
processes are automated by robots as they require to carry 
heavy loads as well as high accuracy [1]. In comparison to that, 
the general assembly as well as engine assembly are until today 
less automated which is mainly caused by two reasons: The 
higher complexity of the tasks and the significant decrease of 
flexibility with an increased level of automation [2]. 
Over the last years lightweight, collaborative robots were 
developed. Supported by computer vision systems and 
equipped with sensitivity to fulfill assembly tasks and to enable 
collaboration with the human operators, they offer the potential 
to lead to productive and flexible solutions [3], [4]. In this 
context it’s not only possible to eliminate ergonomically 
critical tasks in workplaces where it was not possible before but 
also to lower unit cost for production volumes where classic 
robot automation is not economically beneficial in comparison 
to manual assembly [5]. 
The capabilities of the human operator are his cognitive 
skills, flexibility and versatility whereas the robot shows its 
benefits when it comes to lifting high weights and executing 
highly repetitive tasks at constant quality [6].  
However considering such collaborative robots, the 
planning of assembly lines becomes more complex. Tasks have 
to be assigned to both the human operator and the robots, so 
that their collaboration is defined in an efficient way. The 
decision where to use hybrid workplaces are usually solely 
based on experience and intuition of the planning engineer 
since there are only few planning tools available for the design 
of hybrid assembly lines [7]. 
This paper presents a systematic approach to identify work 
places with high potential for Human Robot Interaction (HRI) 
based on capability indicators. The capability indicators are 
calculated using a criteria catalogue developed for the 
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boundary conditions of powertrain assembly in the automotive 
industry. 
With the capability indicators a benefit analysis is 
performed leading to a direct recommendation for a resource, 
human or robot, on a given assembly operation. Having these 
results it is possible to identify workplaces yielding the highest 
potential benefits when automated as a hybrid work station. 
An overview over the current state of the art regarding the 
design of HRI workplaces is given in Section II. Section III 
elaborates on the approach of this paper, while section IV 
provides an example for the application of the developed 
method to identify a workplace suited for HRI. Finally, the 
conclusions of this paper and an outlook on future work are 
given in section V. 
2. State of the Art 
2.1. Assembly planning 
A lot of research has been done in the field of assembly 
planning. Most of the work is designed for only manual or only 
automated solutions. In this context, the question where to use 
automation and on the optimal degree of automation has been 
researched thoroughly [8–11]. However the new technology of 
HRI has not been considered for the topic of assembly planning 
in this depth. Current approaches are made towards a common 
modelling language as a basis for HRI planning in [13] and for 
a human-robot task allocation based on a decision making 
algorithm in [12]. Another approach features real time 
reconfiguration for autonomous production units [16]. In 
assembly planning, criteria catalogues are used in order to 
describe assembly operations and to take decision whether to 
automate or use a manual work station [14, 15]. Table 1 shows 
exemplary such a criterion catalogue. For each criterion 
ܥ௜different specifications ௜ܵ௝ can be selected. The number of 
specifications depends on the criterion and ranges typically 
from ݆௠௜௡ ൌ ʹ to݆௠௔௫ ൌ Ͷ. 
Table 1: Structure of Criteria catalogue for assembly planning 
Criterion Specification 
ܥଵ ଵܵଵ
 
ଵܵଶ 
… … 
ܥ௡ 
ܵ௡ଵ 
… 
ܵ௡௝ 
 
Catalogues developed in [14, 15] cover the whole variety of 
different assembly jobs. However it has been found that an 
adaption of the criteria and specifications on the respective 
industrial sector is beneficial. 
 
2.2. Capability indicators 
In [17] the concept of capability indicators for the assembly 
sequence planning of hybrid workplaces have been introduced 
in order to deliberate the decision what resource to use on what 
assembly operation. With these figures the capability of a 
resource to complete a specified job is assessed regarding 
certain criteria as listed in Table 1. In respect to common 
optimizing goals of enterprises regarding time, cost, and 
quality the following technology aspects are considered in the 
assessment [17]: 
 
x Cycle time  
x Additional invest  
x Process quality  
x Work quality  
 
Those technology aspects are evaluated for the human in 
comparison to the robot for each specification of a given 
criteria catalogue according to the scale as depicted in Table 2. 
Having the evaluation of each technology aspect, the capability 
indicator is calculated according to (1). 
Table 2: Evaluation of technology aspects [17]  
Ordinal 
value 
Capability of 
resource 
Cardinal 
Value 
Better 100% 1 
Equal 50% 0.5 
Worse 0% 0 
 
௄݂ ൌ 
ݐ௖ ൅ ܿ௜ ൅ ൬ݍ௣ ൅ ݍ௪ʹ ൰
͵  
(1) 
Evaluation of cycle time: ݐ௖ א ሼͲǢ ͲǤͷǢ ͳሽ 
Evaluation of additional invest: ܿ௜ א ሼͲǢ ͲǤͷǢ ͳሽ 
Evaluation of process quality: ݍ௣ א ሼͲǢ ͲǤͷǢ ͳሽ 
Evaluation of work quality: ݍ௪ א ሼͲǢ ͲǤͷǢ ͳሽ 
 
Cycle time and additional invest are weighted equally with 
1/3 whereas process quality and work quality are accounted for 
by 1/6. This capability indicator is then weighted for each 
criterion with a second fixed weight resulting from an expert 
survey. With these results the average of all weighted capability 
indicators for the criteria valid for the specified assembly job is 
calculated. Thus giving an indication of the suitability of a 
resource for an assembly job. This way any assembly job can 
be analyzed and a statement regarding the suitability of a 
resource for the assessed assembly job can be made. 
 
3. Approach 
3.1. General methodology 
The concept for identifying workplaces suited best for HRI 
is depicted in the flowchart in Fig. 1. Using this approach it is 
not only possible to identify HRI-suited workplaces but also to 
identify operations which are suited for a robot-automated 
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work cell or a manual-only workplace. For all assembly 
operations capability factors are calculated giving a distinct 
indication what resource to use not based on a gut decision but 
a comprehensive evaluation. 
 
 
Fig. 1: Flowchart for assembly planning for hybrid workplaces 
In the first step all necessary assembly steps have to be 
defined including the assembly precedence diagram. The next 
step is the calculation of capability indicators for each resource 
and assembly task, based on a benefit analysis that includes 
weighted criteria valid for the specified task. It is important to 
take the sequence of possible assembly operation into account 
as early as possible as this impacts the distribution of assembly 
tasks to assembly stations.  
Subsequently, assembly operations suited best for HRI are 
identified by an algorithm using the deviation of the capability 
indicators of neighboring assembly operations.  
The last step is the aggregation of the identified assembly 
tasks to an assembly station and the detailed planning of the 
station. After these steps are finished the hybrid assembly 
station can be assigned among manual and fully automated 
stations to an assembly line layout. 
 
3.2. Criteria definition 
Based on the work of [14, 15] and [17] a criteria catalogue 
to describe assembly operations has been developed. This 
catalogue has been especially designed for the boundary 
conditions of powertrain assembly lines. A total of 19 criteria 
regarding the assembly process, ergonomics, the assembly 
component and the part supply have been defined. With this 
criteria it is possible to describe any assembly operation as it is 
applicable to a wide variety of assembly tasks.  
 
Table 3 shows exemplary three criteria of the developed 
catalogue. Criterion C1 for example is a good indicator whether 
robot automation is indicated or not. The specification is 
simply “yes” if there is the possibility to interlock or “no” if 
there is not. 
 
Table 3: Excerpt of criteria catalogue for powertrain assembly 
 
With criterion C2 the assembly task is assessed whether 
tactfulness – typically a strength of the human – is necessary 
(ܵଶଵ) or not (ܵଶଶ). Representing an ergonomically criterion C3 
is listed in Table 3. The higher the part weight, the higher the 
strain on the human and the better the suitability of that 
operation for a robot. The classification of specifications S31 
to S33 have been chosen based on typical part weight occurring 
in powertrain assembly. Similar criteria like for example 
“Physical loading of human by strenuous muscle activity” have 
not been used to avoid a false result due to double assessment.  
Using this criteria capability indicators can be calculated for 
each specification with the assessment scheme as shown in 
Table 2. Even though this simple evaluation using only the 
comparative attributes “better, “equal”, “worse” is a very rough 
assessment, it is sufficient for the intended use. In the early 
planning stage the information level of the planned assembly 
operations usually does not require a finer assessment scale. 
 With this evaluation the capability indicator for the human 
ு݂ǡ௞is calculated for each criterion k according to (2). It is 
important to notice that in comparison to (1) cycle time, 
additional invest, process quality and work quality are weighed 
with individual weights. The default value of these weights is 
defined to ¼ but those can be changed depending on the 
analyzed assembly task and the characteristics of the analyzed 
operation, with the sum of all weights being equal to one. This 
way special characteristics of assembly operations can be 
respected as well as different business objectives. Due to the 
assessment scale the capability indicator for the robot can be 
calculated to (3).  
 
ு݂ǡ௞ ൌ  ݐ௖ݓ௧೎ ൅ ݅௔ݓ௜ೌ ൅ ݍ௣ݓ௤೛ ൅ ݍ௪ݓ௤ೢ 
with ு݂ǡ௞ א ሼͲǢ ǥ Ǣ ͳሽ 
(2) 
ோ݂ǡ௞ ൌ ͳ െ ு݂ǡ௞ 
with ோ݂ǡ௞ א ሼͲǢ ǥ Ǣ ͳሽ 
(3) 
Once the capability indicators for the respective 
specifications are defined for all criteria they can be stored and 
accessed in a database for later use. For each new assembly 
operation analyzed only the specifications have to be selected 
yielding directly the capability indicators. This way the effort 
for evaluating new operations is reduced significantly since the 
capability indicators are computed only once.  
Criterion Specification 
C1 Possibility to interlock when 
joining 
S11 Yes 
S12 No 
C2 Joining of bolts S21 Necessary 
S22 Not 
Necessary 
C3 Weight of component S31 < 1 kg 
S32 1 – 8 kg 
S33 > 8 kg 
… … … … 
Ck … Sk1 … 
… … 
Skj … 
15 D. Schröter et al. /  Procedia CIRP  55 ( 2016 )  12 – 17 
After all specifications have been selected for an assembly 
task the criteria are weighted among each other with ݓ௞  
according to (4). Again the sum of all weights has to be equal 
to one. When a specification of a criterion is selected which 
shows the same capability for the human and the robot ு݂ǡ௞ ൌ
ோ݂ǡ௞ ൌ ͲǤͷthis criterion is dismissed since it does not support 
the decision what resource to use. It is important that those 
criteria are not included in the calculation of the overall 
capability indicator as in [17] because otherwise the result will 
be diluted. 
The overall capability indicator of the human ݁ுǡ௜for the 
assembly task i is then calculated as the mean value of all 
capability indicators of the selected specifications s according 
to (5). For the robot the overall capability indicator is calculated 
as shown in (6). Within a criteria catalogue having k criteria 
this approach is depicted in Table 4. 
 
௪݂ுǡ௞௦ ൌ ݓ௞ ு݂ǡ௞௦ א ሼͲǢǥ Ǣ ͳሽ (4) 
݁ுǡ௜ ൌ σ௙ೢಹǡೖೞ௞   א ሼͲǢǥ Ǣ ͳሽ (5) 
݁ோǡ௜ ൌ
σ ௪݂ோǡ௞௦
݇ ൌ ͳ െ ݁ுǡ௜ א ሼͲǢǥ Ǣ ͳሽ (6) 
 
Table 4: Calculation of overall Capability indicator 
Crit. Spec. ࢌ࢝ࡴǡ࢑࢐ ࢌ࢝ࡾǡ࢑࢐ 
ܥଵ S11 ௪݂ுǡଵଵ ௪݂ோǡଵଵ 
S12 ௪݂ுǡଵଶ ௪݂ோǡଵଶ 
ܥଶ S21 ௪݂ுǡଶଵ ௪݂ோǡଶଵ 
S22 ௪݂ுǡଶଶ ௪݂ோǡଶଶ 
… … … … 
ܥ௞ Sk1 ௪݂ுǡ௞ଵ ௪݂ோǡ௞ଵ 
… … … 
Skj ௪݂ுǡ௞௝ ௪݂ோǡ௞௝  
 
  
݁ுǡ௜ ൌ
σ ௪݂ுǡ௞௦
݇  
 
 
݁ோǡ௜ ൌ
σ ௪݂ோǡ௞௦
݇  
 
 
3.3. Identification of potential hybrid Workplaces 
With the overall capability indicators defined as in section 
B it is possible to analyze a complete assembly line with n 
operations as depicted in Table 5. For each operation it is 
directly evident which resource is suited most for a particular 
assembly operation. However, usually several assembly 
operations are summarized and performed at one assembly 
station. Depending on the desired cycle time and the time 
needed for one operation the number of assembly operations 
per station is determined. 
 
 
 
 
Table 5: Capability indicators for sequence of assembly operations 
Assembly 
operation 
ࢋࡴǡ࢏ ࢋࡾǡ࢏ 
ܣଵ ݁ுǡଵ ݁ோǡଵ 
ܣଶ ݁ுǡଶ ݁ோǡଵ 
… … … 
ܣ௡ ݁ுǡ௡ ݁ோǡ௡ 
 
Using HRI the sequence of operations performed at one 
station can be distributed among the human operator and the 
robot. Taking into account that this way the capability 
indicators can be exploited optimally, this reveals a big 
advantage of HRI in comparison to fully automated solutions 
or only manual assembly. 
In order to identify the potential for HRI in an existing or 
planned assembly line the overall capability indicators (5) and 
(6) are analyzed. For a specific assembly operation ο݁ுோǡ௜is 
defined as the difference between the overall capability 
indicator of the human and the robot according to (7). 
 
ο݁ுோǡ௜ ൌ ݁ுǡ௜ െ ݁ோǡ௜ א ሼെͳǢǥ Ǣ ͳሽ (7) 
 
A value of ο݁ுோǡ௜ ൌ ͳ represents maximum suitability of a 
human operator for the specified assembly operation, whereas 
ο݁ுோǡ௜ ൌ െͳ  stands for maximum suitability of a robot. With 
this definition the potential for HRI of a given assembly 
operation and its neighboring operations can be described. If 
the difference of the maximum and the minimum of ο݁ுோǡ௜ on 
a given sequence of operations converges to two, this yields 
maximum suitability for a hybrid workplace, since one 
operation is suited best for the human, and one is best suited for 
the robot. Thus the suitability for a hybrid workplace of a given 
sequence of operations can be directly described by this 
difference. These considerations are represented by the 
normalized suitability factorܧுோǡ௜ as defined in (8). 
 
ܧுோǡ௜ ൌ
൫ο݁ுோǡ௜ି௡ǢǥǢ ο݁ுோǡ௜ା௡൯ െ൫ο݁ுோǡ௜ି௡ǢǥǢ ο݁ுோǡ௜ା௡൯
ʹ  (8) 
 
ܧுோǡ௜ א ሼͲǢ ǥ Ǣ ͳሽ 
 
 
The higher the value for ܧுோǡ௜ , the higher the potential 
exploitability of the capability indicators by the use of a hybrid 
work station. This way a complete assembly line can be 
analyzed highlighting those operations suited best for HRI. 
The result of (8) depends on the number of neighboring 
operations considered for the analyzed operation as specified 
by n. In order to get realistic results the number of operations 
per sequence should not be bound to a fixed number but rather 
be based on the time needed for each operation and the desired 
cycle time. 
Once the operations suited most for a hybrid assembly 
station are identified the next step is the aggregation of several 
assembly operation to one station and the detailed planning of 
the assembly station. 
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4. Validation 
In order to validate the approach described in the previous 
section an existing assembly line for diesel engines has been 
analyzed. In a first step the specifications for each assembly 
operation have been selected directly yielding the overall 
capability indicators calculated according to (5) and (6). Since 
basic steps like bolting operations or simple pick-and-place 
tasks are repeated several times, the effort for calculating the 
capability indicators can be reduced significantly. However the 
boundary conditions have to be taken into account even if there 
are only small differences. Fig. 2 shows an excerpt of the 
precedence diagram for the analyzed assembly line with the 
corresponding capability indicators for each resource. These 
numbers form the basis to calculate the suitability factor of each 
operation and its neighboring operations. The range of 
neighboring operations has been determined based on the 
human assembly times and a desired cycle time of 50 seconds. 
Having these results Fig. 3 reveals that the operation sequences 
A1-A2, and A8-A10 have the highest potential for hybrid 
automation. Operation A8-14 comprise the sequence as 
depicted in Table 6. 
 
Fig. 3: Suitability factor for diesel assembly line (excerpt) 
 
 
 
 
 
 
 
 
Table 6: Task description with overall capability factor 
Task Description ࢋࡴǡ࢏ ࢋࡾǡ࢏ 
A8 Join cylinder head bolts (6x) 0.54 0.46 
A9 Place bearing cover tray 0.12 0.88 
A10 Remove bearing covers 0.31 0.69 
A11 Join cylinder head bolts (2x) 0.54 0.46 
A12 Join glow plugs (4x) 0.62 0.38 
A13 Screw in glow plug (4x) 0.39 0.61 
A14 Tighten glow plug (4x) 0.45 0.55 
 
Based on these results a hybrid assembly station has been 
planned. Table 7 shows the task assignment between the human 
operator and the robot. The assembly tasks A8, A12-A14 and 
A9-A10 can be executed parallel. Only after A10 has been 
completed operation A11 can be executed by the human 
because one of the bearings covers two bores for the remaining 
two cylinder head bolts.  
 
Table 7: Task assignment and assembly times 
Task 
Assembly time 
human [s] 
Task 
Assembly time 
robot [s] 
A8 11.9 A9 5.58 
A12 7.2 A10 38.16 
A13 2.88     
A14 17.1     
 
39.08 
 
43.74 
        
A11 4     
 
43.08 
 
43.74 
 
 
The assembly time for the human have been calculated using 
MTM-UAS (Methods Time Measurements – Standard 
operations), whereas the technical feasibility and the cycle time 
for the robot has been validated experimentally. Having exact 
information regarding the process time at this point is crucial 
in order to generate a valid task allocation. 
 
 
Fig. 2: Assembly precedence diagram with capability indicators (excerpt) 
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Fig. 4: Experimental validation of technical feasibility 
Fig. 4 shows the test setup consisting of a Universal Robot 
10 equipped with an electrical two-finger gripper EGN 100 
from Schunk. In total ten bearing caps have to be removed and 
stored temporarily on a tray located right next to the cylinder 
head. At a speed of 250 Ȁ, a cycle time of approximately 
38 seconds could be achieved. This way the tasks suited best 
for each resource can be allocated according to Table 6, 
exploiting the capabilities of the human operator and the robot 
optimally. 
5. Conclusion and Future work 
A criteria catalogue for evaluating assembly task in 
powertrain assembly has been developed. Using this approach 
capability indicators are calculated for the human and the robot. 
Based on this data it has been shown how to extract information 
on where to use HRI in a complex assembly line. With this 
information it is not only possible to see what operation is done 
best by what resource but also to identify those assembly 
sequences where HRI is indicated. Using an excerpt of a 
powertrain assembly line this approach was validated and it 
was shown how suitable task could be automated. Using this 
approach, profound decisions on different alternatives can be 
made in the early planning stage exploiting the capabilities of 
each resource in an optimal way.  
The decision on what technology to use for a given assembly 
operation is closely linked to cycle time information. However 
it is difficult to obtain this information in the early planning 
stage especially when it comes to the robot cycle time. With the 
capability indicators and the cycle time information it would be 
possible to automatically generate task distributions for 
identified assembly operations [17]. Finally the technical 
feasibility has to be considered as well in order to obtain 
realistic results. Furthermore future work could deal with 
solving the NP-hard problem of generating different 
configurations and calculating the capability figures.  
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